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Chapter 1: Introduction to Traction Drive Systems 
A Brief Historical Perspective on Traction Drives 
Traction or friction drives are perhaps the simplest of all rotary mechanisms, yet 
relatively little is known and even less has been documented about them. In its simplest 
form, a traction drive is simply two smooth and equal-sized wheels in contact pushing 
against one another to transfer motion from one body to the other. In other words, one of 
the bodies is considered the driver and the other one is the driven body that the power is 
transmitted to in a given traction drive system. Traction drives can be designed to vary 
the speed ratio smoothly and continuously with the efficiency comparable to the best gear 
drives. At sufficiently high speeds, a film of lubricant is trapped between the rollers. The 
lubricant is used to protect against wear as well as dampen torsional vibrations. 
However, lubricant is not always necessary to run a traction drive. 
In the past fifteen years, this type of application has been a serious competitor to 
conventional designs for mechanical power transmissions. Furthermore, due to the 
simplicity in traction drive design in comparison to gear trains, it is very likely that 
traction drives predate the existence of gear trains. Therefore, it is very reasonable to 
believe that before ancient man started cutting notches in a relatively smooth wheel, 
chances are that he might have attempted to use them to transmit motion [1]. 
Since the birth of mechanisms, there has been a need for the output of the transmission to 
closely match the speed of the power source efficiently. Back in early human history 
2-5 
(about 700 B.C.), power sources were provided by either humans or animals [1]. It was 
not until the introduction of the horseless carriages at the end of the 19th century that the 
idea of developing a continuously variable transmission for automobiles was taken into 
consideration. Now the idea of using transmissions has significantly increased in current 
day applications. Some examples of traction driven applications in industry are: Earth-
moving equipment, farm equipment, propeller drives, machine tools, auto transmissions, 
and mining machinery. The earliest traction drives used leather, wood, rubber, or fiber 
covered friction wheels running against metal disks. These soft friction materials lost 
their flexibility and wore out rapidly as they aged [1]. 
Traction drives are easy to understand once the basic concepts of how power is 
transmitted between two rolling bodies is made clear. A relatively large normal load (N) 
is imposed on traction rollers as they are pushed against each other, transmitting a 
tangential traction force (T) illustrated in Figure 1.1. Moreover, the amount of normal 
load required to transmit a given traction force without destructive slip is determined by 
the traction coefficient(µ). The traction coefficient is simply the ratio of the tangential 
traction force to the normal force. 
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Figure 1.1: Simple Traction drive setup 
For rolling elements, two failure modes are of concern, fatigue and wear. 
However, the concern of wear in traction drive contact is low. The reason is that when 
properly selecting materials or a lubricant, the risk of failure is greatly reduced or in some 
cases eliminated. The most common mode of failure in rolling elements is fatigue failure. 
Contact fatigue-life is inversely proportional to the third power of the normal load. In 
some cases, it is desirable to make use of lubrication to produce higher traction 
coefficient values. Other times, the traction drives run dry depending on the needs and 
constraints of the surrounding environment. Usually there is a presence of the high 
pressure in the contact region, the process is accompanied by an elastohydrodynamic 
(EHD) film. The importance of the EHD film in traction contacts lies in its ability to 
reduce wear, or sometimes eliminate it, while acting as the principal torque-transferring 
medium. Because of the important role that the coefficient of friction (µ) has on the life, 
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size, and performance of the traction drive, attention has been given to developing fluids 
with high traction properties. 
During the past couple of years, several traction drives have reached the 
production stage. There has been significant progress within the last decade in the 
technological development of traction drives. Today's traction fluids are far superior 
when compared to the earlier fluids in traction drives. But future refinements in particular 
areas are still necessary because of significant importance in both life and performance. 
Most of the focus is in trying to introduce or find fluids with superior traction properties. 
Other considerations are in choice of material, coatings, and cost. For example, bearing 
steels are well suited for traction drives because of their durability and lower material 
costs. Sometimes special coatings as well as nonmetallic materials are required for 
certain applications of traction drives. Traction drives should be relatively inexpensive to 
produce in large quantities. It is very likely in the years to come that traction drives will 
find an increasingly large role in the power transmission industry, especially the 
automotive industry. 
Today, there a few automotive companies that integrate the use of traction drive 
systems in the vehicles they produce, such as, Audi and Nissan, where some of their cars 
use traction drive systems that are incorporated in the vehicle's transmission [2 - 3]. 
Furthermore, NASA has launched several space shuttles to Mars in order to explore the 
planet. They use rovers, which are vehicles that are driven by a transmission that uses a 
dry traction drive system (no lubrication) [4]. NASA' s research is the primary 
motivation for the research that follows. 
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Background 
Traction drives have been used in various industries because of their quiet and 
smooth operation. Recent attempts at using it in automobiles, electronically assisted 
bicycles, garden tractors, snowmobiles, motorcycles, and other similar applications have 
drawn attention to its potential as a future power transmission method. Other products 
that could incorporate traction drives are exercise equipment, tools, kitchen appliances, 
and medical equipment [1]. 
In traction drives running at a high speed, power is transmitted between separate 
rotating bodies through a lubricating oil film if the system is to include lubrication. The 
basic equation is a simple friction equation: Ft = µ, • F c· In this equation, F c is the contact 
force,µ, is the coefficient of friction, and Ft is the friction force [5 - 6]. 
Self-actuating traction drives have a simple construction and use wedge action to obtain 
contact force in order to transmit torque. As there are many different types of gear train 
systems, there are also various types of traction drive systems. For instance, the wedged 
traction drive system is designed so the input shaft (center roller) is offset a certain 
distance from the outer and larger output drum as illustrated in Figure 1.2 [5 - 6]. The 
fundamentals of a wedge roller traction drive are illustrated in Figure 1.2a. Both the 
input shaft and output drum are offset. When the input shaft rotates in the 
counterclockwise direction, the wedge roller causes contact force (F c) to be generated 
between the input shaft and the output drum. This force generates traction force, and 
torque is transmitted. On the other hand, when the rotation of the input shaft is reversed 
(clockwise), the wedge roller moves out of contact with the input shaft and output drum, 
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so the contact force (F c) becomes zero. Therefore, the input shaft rotates under no load 
and will not transmit any torque as illustrated in Figure 1.2b. 
Intermediate 
roller (Fixed) 
Intermediate roller 
(Movable) 
Input Shaft 
Wedg 
Figure 1.2: Offset traction drive system 
Figure 1.2a: Forward motion 
Intermediate 
roller (Fixed) 
Offset 
distance 
Roller moves out 
of place 
clearance 
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Figure 1.2b: Reverse motion (no rotation) 
Perpendicular 
axis 
Figure 1.3a: Wedged roller arrangement Figure 1.3b: Shift in axis 
Figure 1.3a shows a different type of traction drive system that operates the same way a 
bevel gear system does, taking a conical shape for its rolling elements. In this setup, a 
wedged roller is fitted between two larger rollers with perpendicular axes to transmit 
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motion from one roller to the other through the wedged roller. The wedged arrangement 
is illustrated in Figure 1.3b along with the rolling direction, where the wedged roller is 
slightly skewed to insure motion translation in only one direction. If the direction of 
motion is to be reversed, the intermediate (wedged) roller will disengage. When the 
intermediate roller disengages due to the counterclockwise rotation, the drive rollers will 
not transmit motion to the other perpendicular roller unless the rolling direction is 
reversed. 
This particular traction drive design will be the main focus of this thesis, where 
geometry, stress distribution, and contact patch shape will be carefully analyzed. 
Moreover, Figure 1.4 shows another type of traction drive system, where the input shaft 
is not offset and the three intermediate rollers are replaced with six. Each set of 
intermediate rollers is put in place by a fixed-connecting hinge that insures disengaging 
all three sets of rollers in the reverse motion. Figure 1.4 shows the rolling direction of 
each roller, the input shaft, and the output ring [7]. 
Drum 
Rotation 
Direction 
Wedged Rollers 
Input Torque T 
Contact Force F c 
Fixed Hinges 
Output 
Drum 
Normal Forces 
Figure 1.4: Roller traction drive force directions 
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Since traction drives consist of cylindrical-shaped rollers instead of gears, 
manufacturing them would not be a challenging nor expensive task. In fact, it will be 
easy to assemble and will produce less noise. However, challenges will rise in the design 
of rollers. Lubrication (with or without lubricant), along with material selection for these 
elements are the critical factors in the design process. In the future, this traction drive will 
be widely used in small motors and other applications. 
Proof of Traction Concept 
Figure 1.5: Mars' s Pathfinder (Sojourner) rover vehicle [4] 
Today, NASA is considered to be one of leading organizations that uses traction 
drive systems in various mechanical systems for different applications. The most recent 
traction drive system development by NASA was used in the Mars Pathfinder (Figure 
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1.5), where gears are not found in its drive system. The Mars Pathfinder made its historic 
landing on the surface of the Red Planet, Mars, on July 4th, 1997. Approximately 90 
minutes after launching it from the space capsule, bouncing around, and finally coming to 
rest, the craft removed its cocoon to reveal the Sojourner rover vehicle. During its three 
months of travels, 12 times longer than the vehicle's expected life, the rover explored the 
vicinity of the lander, probing the planet's surface and photographing its rocky 
environment. The rover analyzed the chemical composition of the soil and various rocks. 
Also, the rover dug into the surface, measuring soil strength and abrasive characteristics. 
Back on Earth, millions of people tuned in to watch the rover's exploration of another 
world on television and worldwide websites were dedicated to the mission. 
While designing the vehicle's mobility system to handle the harsh nature of 
Mars's surface, engineers at the Jet Propulsion Laboratory (JPL) in Pasadena, had to 
provide the rover with mobility far exceeding conventional gear-train driven vehicles. 
Due to the fact that command signals sent from Earth would take more than 11 minutes to 
travel the 123 million miles, Sojourner had to be a semiautonomous vehicle that would 
not need servicing. That reliability involved more than just not breaking down, the device 
also had to be able to negotiate the territory without getting jammed. At the design stage, 
this involved the planet's actual makeup and any potentially hazardous situations that 
might occur. Nevertheless, the drive system that was to be integrated in the rover can not 
use a typical gear-train drive system, given the severe weather condition on Mars, so the 
need for a drive system that does not need lubrication became essential for this vehicle to 
operate efficiently without breaking down. Fortunately, the rover never encountered any 
major hazards, the vehicle was over designed because one did not know exactly what to 
expect. 
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Vehicles such as Sojourner require reliable and efficient mechanical drives. Long-
term operation of these drives will be challenging because of the extreme operating 
conditions. Some of these extreme conditions are very hot and/or very cold temperatures, 
wide temperature ranges, dust, vacuum or low-pressure atmospheres, and corrosive 
environments similar to those found on Mars. Because of these extreme environmental 
-conditions, it may not be possible to use oil lubrication such as grease for drive systems 
because oils vaporize at high temperatures and freeze at low temperatures. Solid lubricant 
films offer an alternative, but they have finite lives that depend on the contact stress and 
sliding speed. Heavily loaded gears operate with very high contact stress and sliding, thus 
gears lubricated with solid films will not survive long enough for many drive applications 
in the given conditions [ 4]. 
At the NASA Glenn Research Center, traction roller drives either coated with 
solid lubricant films or made from composites provide an attractive alternative to gear 
drives. The rollers used in traction drives provide a tribological contact geometry that is 
more conducive to solid lubrication. Stresses are still high, but minimal slip occurs, so 
wear between the contacting surfaces is greatly reduced. This kind of traction drive is 
integrated in the rover' s transmission in order to survive the severe weather conditions. In 
order to use traction drives, they would have to be evaluated under the conditions found 
on Mars' s surface. A prototype accelerated test rig was designed to simulate the use of 
traction drives under these conditions that led to the final design found in the rover. These 
specimens, consisting of a crowned roller running against a flat roller, were mounted in a 
vacuum chamber (Figure 1.6). The roller specimens were both heated or cooled through 
hollow shafts. A motor driving one roller and a brake on the other roller will produce 
traction forces and control the slide-to-roll ratio of the contact, a mechanism will control 
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the contact force between the two rollers in contact. The test rig is also used as a 
screening device to evaluate roller materials, roller coatings, and composites. Various 
loads, speeds, and contact geometries were evaluated in order to optimize the design of 
traction drives used in machines to explore Mars's surface. The experimental program 
investigated the traction torque, wear, and endurance durability of the drive materials 
under various conditions of speed and load as well as various simulated environmental 
conditions. 
Figure 1.6: CAD model of the traction drive system [8] 
Figure 1.6 illustrates a CAD (Computer Aided Design) model of a newly designed 
traction drive tester mounted in a vacuum cube. The test rollers are at the center, 
supported by a framework and at its sides are input and output shafts that pass through 
sealed bearings to maintain a vacuum in the chamber. The mechanism at the bottom 
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applies a load to press the rollers together so they can transfer the required torque. This 
traction drive system is almost similar to the one integrated in Mars's Sojourner rover 
vehicle [8]. 
In summary, this device will enable NASA to assess the feasibility of using 
traction drives under high and low temperatures and under various planetary atmospheric 
conditions, such as vacuum or low-pressure atmospheres without water vapor or even 
oxygen. The data produced will help to advance the design of future, more complex drive 
systems not only for space missions, but it could also be used here on our blue planet, 
Earth. 
One of the many advantages that NASA presents to the rest of the world is that its 
research adds rapid development to the technology that could be integrated into the 
devices that are used in our daily lives, such as cars. The reason it has such a vast impact 
is that the technology used to develop their space missions is so involved and critical that 
they put endless efforts to present an efficient and reliable device due to the precise 
nature of their goals. In other words, for every dollar that NASA spends, it reflects a $12 
benefit in return for society because of its intensive research. As a result of their 
research, similar technology is seen in the cars that drive nowadays or in the more 
advanced development in commercial aviation. 
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Chapter 2: Cylindrical Contact Stresses 
Cylindrical Contact 
At the contact interface between two cylinders, there are two identified forces that 
play a great role in shaping the contact patch. These two forces are the normal and 
tangential forces. The most effective force in the pressure zone is the tangential force, 
where it is the main cause of traction, slip, spin, or sliding at the interface of rolling 
cylinders. Hence, the presence of tangential force at the cylindrical interface plays a 
major role in the resulting stresses at the contact interface. To get a better understanding 
of the effect of tangential force as opposed to the case of pure rolling, one would have to 
conduct a two-stage analysis. The first stage involves analyzing pure rolling elements and 
the second stage is identical to the first with an additional applied tangential force 
component. 
In contact situations, when two bodies of curved surfaces come in contact with 
each other, line or point contact changes into a contact area represented by a contact 
patch. The resulting stresses generated in either body are three-dimensional, which makes 
the problem of figuring out points of high stress levels much more challenging. 
When an external uniform force is applied causing two cylinders in contact to 
press against each other, one would think that the principal, shear stresses, and Von 
Mises stresses are at their maximum at the surface of the contact patch area due to the 
applied compressive forces. However, it turns out that the maximum shear stress is larger 
18 
at a point located slightly below the surface of contact under the assumption of pure 
rolling. But if an applied tangential force is applied to balance out the resulting shear 
stress, the maximum shear stress will migrate from its location to the surface depending 
on the applied tangential force value. 
The challenge is whether or not one can really determine the actual stress values 
at these two different stress locations? Several attempts have been made to determine the 
stress values at these two different locations. The first theory that gave a reliable solution 
was in 1881 by H.Hertz. The stresses that are calculated are called Hertzian stresses, 
which will be explained in the following sections [9]. 
Contact Stress 
When two bodies with curved surfaces press against one another, instead of a 
point or line contact, it becomes an area of contact. In other words, contact stresses are 
caused by one solid body pressing against another one with limited contact area between 
both of them. So if a part were to fail due to excessive pressure exerted on it, contact 
stresses would play a great role in causing this failure to occur. 
Fatigue failure is a type of failure common in bodies that are in contact that is due 
to cyclic loading as a function of time. So in a given solid body, repeated elastic or plastic 
deformations that occur as the number of cycles increase would eventually cause fatigue 
failure because fatigue is a time-dependent variable. Fatigue starts to appear in the form 
of a crack, which does not cause any threat to the life of the part at this time (initial). This 
stage of fatigue is identified as the crack initiation phase, where it represents 10% of the 
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fatigue life. Furthermore, as the number of cycles keeps on increasing, the crack 
undergoes a new stage that represents the majority of the crack' s life. This phase is 
defined as the propagation stage, where the crack continues to grow as the number of 
cycles increase. This stage represents 90% of the fatigue life. The final stage of fatigue 
life is the fracture stage, where the part is considered non-functional and in some cases 
this failure is catastrophic. Fatigue is a challenging problem because the phase shift from 
propagation and fast-fracture is a gray zone that cannot be exactly defined. Nevertheless, 
the contact stresses developed in a contact situation (two bodies) are three-dimensional 
(3D), so in some fatigue cases, the crack becomes so localized that it does not cause 
threat to the life of the part for it will not propagate during the part' s life time. Typical 
failures that are seen in contacting bodies are cracks, pits, or flaking on the surface. 
These type of failures need to be analyzed in 3D which makes them more challenging to 
determine and predict. If a solid body in contact with another similar body were to fail 
due to the pressure exerted on its surface by an applied external load with increasing 
number of cycles, one would think that the failure is a direct result of the contact stresses 
on its surface, which led to its failure. However, it turns out that in certain cases the 
fatigue failure on the surface of a solid body is caused by a crack initiating due to the 
stresses found just beneath the contact surface, which might lead one or both bodies in 
contact to undergo fatigue failure. 
Contact fatigue is defined as a surface pitting type failure commonly found in ball 
and roller bearings, gears, cams, and gear couplings. Contact fatigue is handled somewhat 
differently from structural fatigue in bending and torsion because contact fatigue results 
from contacting elements that involve Hertzian stresses, where it is identified as a 
localized stress condition. Hertzian stress occurs when two curved surfaces come in 
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contact under a given applied load. Often, one surface moves over the other in a rolling 
motion, such as the ball rolling against the race in a ball bearing setup, which produces 
the time varying stresses. Furthermore, both contact geometry and the motion of rolling 
elements result in an alternating subsurface shear stress, which will be explained in detail 
in later sections. These subsurface strains acting over a number of cycles can eventually 
cause a crack to form. 
Flaw 
Size 
"a" 
Crack + Small Crack 
Nucleation Growth 
Crack Initiation Crack 
Propagation 
Figure 2.1: Flow size vs. Life [1 O] 
Final 
Fracture 
Life 
(N) 
Figure 2.1 illustrates the crack undergoing its two different stages, initiation and 
propagation. The initiation phase is not always threatening, but if the crack reaches a 
certain limit and propagates, it becomes dangerous and life threatening. The point where 
the crack changes its phase from initiation to propagation it still not very well understood 
by scientists, making it hard to know or predict beforehand when a given material enters 
a crack propagation stage. Furthermore, when cracks initiate, they give no sign of 
presence making it very hard (in some cases) to detect and prevent. In some other cases 
when a crack forms and makes its transition from initiation to propagation, pitting is 
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formed, which becomes noticeable in loud running noise as well as rough running. If this 
problem is not immediately solved, rolling elements will either spall or fracture, and in 
some cases severe and catastrophic failure might occur. 
The stress state produced by rolling elements in contact is concentrated in a 
relatively small volume of material designated by the contact patch that experiences an 
intense strain. The following two figures below (Figures 2.2 a & b) illustrate the 
development of spalls in rolling cylinders both in an aerial and a section view 
respectively. 
Shallow spall 
Figure 2.2a: External view of developing spalls [11] 
Figure 2.2b: Section view (Subsurface) of developing spalls [11] 
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In Figure 2.2a, the spall caused by a dent in the race of a ball-bearing setup seems to 
have a unique behavior, where it tends to be shallow at the origin and relatively deeper at 
both ends. Figure 2.2b shows the direction of subsurface crack propagation that might 
result in a surface loose layer that might consequentially cause the race to break. 
In reality, the mechanisms involved in contact elements can be fairly complex, so 
most designed models assume an ideal geometric surface. Hertzian stress analysis 
assumes a circular, elliptical, or line contact surface area found between curved surfaces 
in contact and an elliptical pressure distribution over the contact patch that is maximum at 
the center of the contact patch. This elliptical pressure distribution results in a rectangular 
shaped contact patch surface for cylindrical bodies in contact (Figure 2.3). 
Cylindrical 
roller 
Figure 2.3: Arial view of rectangular contact patch 
The subsurface stresses involve a hydrostatic component that inhibits tensile 
fracture. Under some certain conditions where no torque is applied (pure rolling), 
subsurface stress analysis implies that the maximum shear stress exists at a given depth 
below the surface. However, ifthere is a shear or tangential component at the surface 
with a fairly large magnitude value, the maximum subsurface shear stress will tend to 
migrate until it finally reaches the surface of the body. 
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Figure 2.4: Stress distribution at subsurface [11] 
Figure 2.4 shows two different mathematical approaches that estimate the stress 
distribution, where the maximum shear stress in either case is at its maximum right below 
the surface of contact. The Z-axis scale in the figure above is Z/B, where B is the minor 
axis dimension of the contact ellipse (Figure 2.4 above), and one should note that the 
maximum shear stress depth is about the same as the B dimension shown in Figure 2.4. 
Nevertheless, as traction or tangential forces increase, the maximum shear stress moves 
closer to the surface and eventually reaches the surface. 
The following section will cover the two contact considerations, pure rolling and rolling 
with traction that will give the reader a better understanding of contact stresses, boundary 
conditions, and other factors that directly or indirectly affect contact stresses. 
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Rolling Cylinders 
Pure Rolling: 
z 
~x y 
Figure 2.5: Ellipsoidal-prism pressure distribution 
As two cylinders come into contact with each other and a uniform force is applied 
to one of them as illustrated in Figure 2.5, the resulting contact patch on either cylinder 
will take a rectangular shape (Figure 2.3). The pressure distribution at the contact 
interface will be a semi-elliptical prism of half-width A , and this is the case for the entire 
cylinder length L. The pressure distribution is identical for either cylinder if, and only if, 
the radius of curvature on both cylinders is the same and the boundary conditions are an 
exact replica on either cylinder to each other. The contact pressure reaches its maximum, 
P max, at the center of the contact patch and gradually decreases until it reaches zero at the 
edges. 
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z 
~x y 
Figure 2.6a: Two cylinders in contact Figure 2.6b: elliptical distribution 
In the case of pure rolling cylinders, the only applied external force that acts on both 
cylinders is the normal force, and no traction component is applied. Figure 2.6a 
illustrates the pure rolling condition loading, where two cylinders are held in contact by 
an applied force F that is uniformly distributed over the cylinder's length L. The length L 
is also interpreted as the contact length because in the case of cylindrical contact, the 
contact length is equal to the cylindrical length. Figure 2.6b illustrates the pressure 
distribution that takes an elliptical shape at the face of contact of either cylinder for they 
are pushed together with the same magnitude force, F. In other words, boundary 
conditions for both cylinders are identical. 
In order to better understand the contact behavior found in cylinders, it is vital to 
hold many variables constant. Thus, selecting a proper type of material that is tough 
enough to endure and absorb the forces exerted on it is an important variable. In this 
study, both cylinders are chosen to be geometrically identical in all dimensions to better 
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monitor the behavior of the cylinders at the contact region having most, if not all, of the 
parameters controlled and well understood. Also, both cylinders are made of the same 
material and boundary conditions are identical on both cylinders as well. Nevertheless, 
this study could also be conducted in a similar fashion using two geometrically different 
cylinders. 
The following section lays out the governing equations necessary to solve for the 
maximum pressure exerted on the cylindrical surface [9], where the cylinder parameters 
are as follows: 
R 1 & R2: Radius of curvature for the 1st and 2nd cylinders respectively 
P max: Maximum pressure 
E1 & E2: Young's modules for 1st and 2nd cylinders respectively 
B: Cylindrical geometry constant 
A: Contact patch half-width 
m1 & m2: Material constants 
v: Poisson's ratio 
F: Applied force 
L: Contact length 
The first step in solving for the maximum pressure, Pmax, exerted on two cylinders in 
contact is to define a cylindrical geometry constant, B, that depends on both R1 and R2, 
where R1 is the radius of curvature of the 1st cylinder and R2 is likewise for the 2nd 
cylinder. The Cartesian coordinate system used in deriving the following equations is 
shown in Figures 2.6a & b. 
27 
It is given that R 1 = R2, so in order to calculate B, the cylindrical geometry constant, the 
following expression should be applied: 
To calculate the cylinders' material constants, m1 & m2, for both cylinders 1 and 2, given 
that E1 = E2, and v (dimensionless), the following equation is applied: 
1-v 2 
m =m =--1-
1 2 E 
1 
Now, to calculate the contact patch half-width, A, given the applied force F and the 
contact length L: 
A= ~*m1 +m2 F 
tt B L 
Finally, to calculate the maximum pressure, P max, the following question is applied: 
p = 2F 
max 7l:AL 
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As mentioned previously, the maximum pressure exerted on either cylinder is at the 
center of the contact patch varying slowly until it vanishes (zero) completely at the edges 
of the semi-ellipsoid prism. This maximum pressure is calculated assuming pure rolling 
and no tangential force is applied to either cylinder's surface. 
Hertzian stresses are used for static loading, but it can also be used for rolling 
contact calculations. There are two possible stress cases that should be considered when 
studying rolling elements in contact: 
1. Plane Stress is defined as when two cylinders are very short axially. An 
example is a cam roller-follower. Note that one of the principal stresses is zero. 
2. Plane Strain occurs when both cylinders are long axially. For example: squeeze 
rollers. Note that all three principal stresses are non-zero. 
In this study, the stress state is considered as plane strain for both cylinders since the 
rollers are assumed to be relatively long. 
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Rolling with Traction: 
When two cylindrical bodies in line contact roll against each other with one input 
cylinder and the other output with both their axes parallel to one another (Figure 2. 7), the 
possibility of slipping is possible at the interface area. This occurs if and only if the 
friction force at the contact surface is less than that permitted by the normal force 
between the rolling bodies and the friction coefficient value, µ. 
N 
!~­
µ 
So if the above equation is satisfied, meaning that the resulting friction force is less than 
or equal to the normal applied force divided by the friction coefficient, desirable traction 
occurs between both cylinders, otherwise, slip will occur. 
To identify the friction force value, a Free-Body-Diagram (FBD) of the cylinders 
in contact is necessary to understand the resulting static equations that will eventually 
explain the friction force and its dependent variables. 
Output roller 
(B) 
Bearing 
reaction forces 
Input roller 
(A) 
t 
Reaction 
torque 
Applied 
torque 
Figure 2.7: Overall Free-Body-Diagram (FBD) 
Friction force 
f 
T 
Figure 2.8: Roller A (FBD) 
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Now by looking at Figure 2.8 and taking moments about the center origin of the roller 
(input roller), the resultant moment equation becomes: 
/r=T 
Where r is the cylindrical radius,/ is the friction force, and Tis the applied torque. 
When sliding is associated with rolling, a noticeable distortion occurs in the stress 
field. Smith and Lui [9] performed intensive research attempting to better understand the 
behavior of two cylinders in contact with both rolling and sliding components present. 
They have developed the equations for the stress distribution underneath the contact 
surface that clearly shows the significance of the sliding (frictional) component in the 
stress field distribution. Since the presence of a sliding component is considered, there 
are two different sets of equations that represent the stress distribution in two directions 
perpendicular to one another. The first is due to the normal load applied on the rolling 
components (normal to contact patch), and the second is due to the tangential friction 
force (tangent to contact patch). After both sets of equations, normal and tangential, are 
computed, summing them together will represent the complete stress state and 
distribution in the contact region. Moreover, the resulting stress field can be represented 
in two different ways. The first way is two dimensional (2D) for very short rollers, the 
other is a three-dimensional (3D) representation for long rollers. For long rollers (long 
axially in proportion to radius), plane strain conditions will exist. Since contact stresses in 
rolling elements are three-dimensional and a plane strain exists, the stress field will be in 
three-dimensions. 
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Looking back at Figures 2.7a & b, where the ellipsoidal-prism pressure 
distribution is represented, one could identify the coordinate system used to derive both 
the normal and tangential set of equations by Smith and Lui [9]. According to the figure, 
the x-axis is aligned to the cylinder's direction of motion, the y-axis is aligned with the 
axial direction of the rollers, and the z-axis is aligned with the radial direction of the 
rollers. 
The governing equations for stresses due to the applied normal uniform loading at 
a given depth beneath the surface (z > 0) are as follows: 
a = _!__( A2 + 2x2 + 2z2 fl - 2:r - 3xa)P 
x,, 7r A A max 
1 ) 
rx:::,, = --z-aP.1iax 
J[ 
The stresses due to the frictional force/take the following expression forms: 
1 [( 2 2 2 L x ( 2 2 2 \ x ] a x, = - :r 2x - 2A - 3z p + 2:r A + A - x - z 'A_ fl f max 
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1 ? 
G'~ = --z-afmax 
- 1 1t 
1 {( 2 2 2) z z } r =-- A +2x +2z -P-2Jt--3xza + 
xz, 1t A A J max 
Where a and p are denoted by: 
P=Jt 
z & vk: 
Where constants k 1 & ki are given by: 
k1 =(A+x)
2
+z2 
k2 = (A-x)
2 +z2 
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The tangential force,/, is designated by the product of the normally applied load and the 
friction coefficient: 
f= fl Pma.x 
Since the goal of this document is to better understand the contact stresses and their 
resulting behavior on rolling elements with the presence of a traction component, the 
tangential (frictional) force,/, becomes a critical factor. In order to have traction between 
rolling elements, the friction coefficient used in calculating the tangential force should be 
less than that actually existing between the rolling elements. In other words, if the friction 
coefficient used in calculating the tangential force equals the actual friction coefficient, 
slip or sliding will occur, which is highly undesirable in traction drive units. 
It is important to note that in all of the listed equations above, the x and z coordinates are 
the only variables in the equations, where all the other parameters remain constant. 
However, if the z parameter equals zero, both a and p become infinite leading to failure 
of the stress equations listed above. The following sets of equations represent the stress 
state at the surface of the rollers, where z equals zero. 
When z = 0 (at the surface of contact): 
r =0 xz,, 
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These equations are used to generate dimensionless plots that represent the stress state 
across the contact zone. In order to normalize the stress plots, all of the stress values are 
divided by the maximum pressure, P max, and the distance from the center of the contact 
patch, x, is divided by the corresponding contact patch half-width, A. In all the plots, the 
stress is along the y-axis and the distance from the center of the contact patch is along the 
x-axis. Figure 2.9 represents the normal stress distribution in the positive x direction on 
the surface of two identically rolling cylinders. 
Normal Stress in X vs. Distance from Center of Contact Patch 
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Figure 2.9: a xn or a Zn vs. Distance from center of contact patch 
Also, Figure 2.9 illustrates the behavior of normal stress on the surface of a rolling 
cylinder, where the stress value tends to gradually drop as the stress is measured away 
from the center of the contact patch while moving in the x-direction. The normal stress is 
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at its maximum at the center of the contact patch and gradually decreases until the value 
of x away from the center of the contact patch becomes larger than the contact patch half-
width, A. At that point, the normal stress in the x-direction becomes zero according to the 
governing equation used to plot the graph. In other words, if the value of x becomes 
larger than A , the normal stress in the x-direction becomes zero. Furthermore, Figure 
2.10 shows the normal stress behavior on both sides of the x-axis (positive and negative), 
where a mirror image of the stress distribution about the y-axis is observed. 
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Figure 2.10: a x" vs. Distance from center of contact patch 
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Figures 2.9 and 2.10 illustrate the normal stress distribution across the contact patch. 
Now, the following equations will demonstrate the tangential stresses on the cylindrical 
surface (z = 0). 
{ ~} x x- . CY = -2/. - - - -1 1f x >a x, max a a2 -
CY =-2f. {x + ~} if x~-a ~ mu a ~~-1 
O"x, = -2fmax x if lxl ~a 
a 
(Y =0 z, 
' ·", = - fmox ~I-;: if lxl Sa otherwise r,,, = 0 
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Normalized Tangential Stress in the X Direction 
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Figure 2.11: a x vs. Distance from center of contact patch 
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Looking at Figure 2.11, one can clearly see that as the distance away from the center of 
the contact patch increases, the tangential stress increases if looking at the negative x-axis 
and decreases when looking at the positive x-axis. Once the distance away from the 
center of the contact patch (x) exceeds the value of the contact patch half-width (A), the 
stress distribution makes an abrupt change then tends to gradually decrease until it finally 
reaches zero. 
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Now after calculating both normal and tangential stress values, the next logical 
step would be to find the total stresses in all principal planes. Then the principal stresses 
are computed and finally the Von Mises stress is calculated. 
To compute the total stresses acting on the principal planes, both normal and tangential 
loads are added together as follows: 
<fx = <fxn + <fxt 
<Tz = <Tzn + <Tzt 
Txz = Txzn + Txzt 
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Normalized Total Stress in X 
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Figure 2.12: ax vs. Distance from center of contact patch 
Figure 2.12 shows the normalized total stress distribution across the contact patch and 
just past it, which gives a good feel for how the total stress in x is behaving. Looking at 
the plot in Figure 2.12, one can clearly see asymmetry in the plot, where the stress 
distribution in the x direction is not symmetric about the y-axis. Another thing that can be 
noticed in the plot is that when the distance away from the center of the contact patch (x) 
exceeds the value of the contact patch half-width (A), the plot makes a significant change 
in direction because the calculated stress is outside the contact patch. 
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Normalized Normal Stress in the Z Direction 
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Figure 2.13: a z vs. Distance from center of contact patch 
Since the tangential stress in the z direction is zero, the total stress equals that of 
the normal stress calculated in the z direction, which is equal to the normal stress in the x 
direction as suggested by the governing equations. In Figure 2.13 a symmetric stress 
distribution inside and outside the contact patch is observed, where the stress value 
becomes zero outside the contact patch. 
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Normalized Shear Stress 
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Figure 2.14: r xz vs. Distance from center of contact patch 
The shear stress in the x-z plane is zero and the tangential stress is the only 
direction where the shear stress has both zero and nonzero stress values. The stress equals 
the tangential stress as suggested by the governing equations. This case with shear stress 
is similar to the case of the total stress in the z-direction. Figure 2.14 shows that the total 
shear stress decreases gradually as the stress is calculated away from the center of the 
contact patch until the distance becomes larger than the contact patch half-width, A. Also, 
a symmetric stress distribution about the y-axis is observed in the figure. 
One should note that Gy = zero if the cylindrical roller is short axially representing plane 
stress, however, if the rollers are axially long relevant to their diameter, the stress state in 
they direction becomes: 
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Since the case in this document involves cylinders that are axially long relevant to their 
diameter, the stress in they-direction is computed then plotted. 
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Figure 2.15: a Y vs. Distance from center of contact patch 
Figure 2.15 represents the stress distribution across and just outside the contact patch. 
Clearly, the plot takes a nonsymmetrical distribution throughout the calculated region. 
One of the factors that affects this behavior of stresses in they-direction is Poisson's ratio 
that is multiplied to the added result of both stresses in the x and z-directions. 
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After the total stresses acting on the principal planes have been graphically laid 
out, the principal stresses and Von Mises stress will be presented both numerically and 
graphically [12]. 
The process by which the three principal stresses are computed starts with solving 
the following cubic equation that involves all six stress components Gx, Gy, Gz, T.w Txy, and 
Tyz· 
There are many different mathematical methods used to solve cubic equations. One of 
those methods is Viete's method [13] , which will be used to solve this equation. The 
general form of the equation follows: 
To solve this equation, all three real coefficients ai, a2, and a3 are computed by equating 
them to the corresponding parameter. 
a1 = -(ax + a Y + a J 
a2 = (axa y + a xa z + a ya z -rx/ - r yz 2 - r zx 2) 
2 2 2 
a3 = -(axa ya z + 2rxyr yzr zx -axr yz -a yr zx - a zrxy ) 
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Note that since the only shear stress component affecting the contact region acts in the x-
z plane, all other shear components become zero. So the equations could be rewritten as 
follows: 
2 
a2 = (axa y +axa z +aya z -rzx ) 
2 
a3 = -(axa ya z -a Yr zx ) 
The three real parameters (a1, a2, a3) are computed for every point of interest in the 
contact zone. Then it is necessary to go back to the original equation 
( x 3 + a1x
2 + a2x + a3 = 0) and solve for the cubic roots of the equation. It is vital to 
ensure that all three roots of the equation are real values. To check, two values Q and R 
are computed as shown below. 
The governing equations for both Q and R follow: 
To check whether the equation has three real roots or not, the following test is performed. 
If the check holds true, then the equation has three real roots, otherwise, the equation will 
have only one real root. 
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Q3 -R2 20 
For all points of interest in the contact region, the equation holds, so to compute the three 
real roots of the equation one would have to first find the angle theta 0 as follows: 
After the angle 0 is computed the three real roots are then calculated using the following 
governing equations: 
Every x parameter represents its corresponding stress value, so x 1 represent u1 value and 
so on for the other two stresses. Now after calculating all of the three principal stresses, 
the Von Mises stress is calculated using the following equation: 
(Y = (a-1 -a-2)2 +{a-2 -a-J
2 +{a-1 -a-J2 
2 
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Sigma 1 vs. Location 
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Figure 2.16: o-1 vs. Distance from center of contact patch 
Figure 2.16 illustrates the stress distribution for the first calculated principal stress as the 
distance from the center of the contact patch increases. This principal stress is the 1st 
resulting real root from the calculated equation corresponding to x 1. As it can be seen in 
the figure above, the stress distribution in not symmetric across the contact patch, where 
the stress takes a different distribution along the positive x-axis when compared with the 
negative side. 
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Sigma 2 vs. Location 
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Figure 2.17: a-2 vs. Distance from center of contact patch 
Looking at Figure 2.17, the stress distribution for the second calculated principal stress 
shows a non-symmetric behavior across the contact patch. This principal stress is the 2nd 
resulting real root from the calculated equation corresponding to x2• This principal stress 
seems to disappear as soon as the stress points are calculated outside the contact patch 
along the positive x-axis, which is not the case for the points along the negative x-axis. 
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Sigma 3 vs. Location 
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Figure 2.18: a 3 vs. Distance from center of contact patch 
Figure 2.18 shows the stress distribution of the third and final principal stress across the 
contact patch. Similar to the other two principal stresses, the third principal stress does 
not take a symmetric distribution across the contact patch. 
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Von Mises Stress vs. Location 
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Figure 2.19: a'vs. Distance from center of contact patch 
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Now after all three principal stresses have been plotted, the Von Mises stress is plotted to 
give a general feel of the overall stress distribution across the contact patch as seen in the 
figure above (Figure 2.19). One very important factor that plays a great role in 
determining the stress distribution for all three principal stresses along with the Von 
Mises stress is the coefficient of friction,µ. The friction coefficient that was used to 
calculate all of the principal stresses and the Von Mises stress is 0.05. 
50 
Maximum Shear Stress vs. Location 
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Figure 2.20: r max vs. Distance from center of contact patch 
Figure 2.20 shows the distribution of the maximum shear stress across the contact patch. 
The shear stress distribution takes a non-symmetric distribution for points calculated 
inside the contact patch, whereas a fairly symmetric distribution could be observed 
outside the contact patch. 
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Contact stresses are often due to cyclic loads that are repeated numerous times over a 
period of time resulting in some cases to fatigue failure that starts at a localized area right 
beneath the contact surface in the form of a crack. Consequently, explaining the reason 
behind the limitation of load-carrying-capacity of the bodies in contact, where this factor 
is a major design concern. Since the phase shift in crack-life between initiation and 
propagation of the crack is a gray zone that is not well predicted, proper understanding of 
the stress behavior could help designers predict where the load-carrying-capacity reaches 
its limits. This understanding becomes challenging when the shape of contacting 
elements is neither a cylindrical nor spherical shape, where these two shapes are very 
well understood in their geometry and their stress behavior. Nevertheless, when it comes 
to predicting the limits of their load-carrying-capacity, it becomes hard to anticipate 
because it becomes challenging to fully understand and predict the location of a possible 
crack berth. 
Conical-shaped rollers are one of the most common shapes of rolling elements 
that are not properly understood today in terms of their stress behavior due to the 
complexity and irregular shapes. One popular example where conical-shaped rollers are 
used is in tapered-roller bearings, and the main purpose of bearings is to reduce the 
friction of the apparatus it's applied to by providing smooth rollers that roll against 
smooth inner and outer races. If the stress behavior of these tapered rollers is not properly 
understood, bearing selection becomes a challenging task especially if the failure of the 
apparatus in which the bearing is applied is catastrophic. To avoid this problem, some 
designers decided to over design the tapered-roller bearings to accommodate for this 
problem and have a higher factor of safety. However, if a proper understanding of the 
stress behavior of conical-shaped rollers is achieved similar to the understating of 
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cylindrical and spherical shapes, less material could be used to manufacture the bearings 
along with a good understanding of load-carrying-capacity of these rollers. 
Some of the examples where contact stresses show some significance are the 
stresses between a locomotive' s wheels and the railroad rail, the stresses between either 
the balls or rollers and the race that contain it in a bearing setup, and last but not least the 
contact point between gear teeth when meshing together. 
Where to Go From Here? 
After a clear layout of cylindrical contact stresses, attempting to explore and 
understand the stresses involved in conical shaped rollers would be the next step in this 
document. One could relate cylindrical and conical shaped rollers in terms that conical 
rollers could be imagined as multiple yet continuous elliptical cross-sections of different 
dimensions gradually varying and linked together forming a cone shaped roller. 
Similarities or variations in stress distribution in both cylindrical and conical rollers are to 
be examined in the following chapter of this document. 
In the following chapter, conical shaped rollers are carefully examined then a 
relevant comparison between cylindrical and conical rollers would determine whether the 
stress state is similar or different followed by explanations of why stresses behave the 
way they do. 
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Chapter 3: Conical-Shaped Traction Drive Rollers 
Why Conical Shaped Rollers? 
Every mechanical application requires a certain device or mechanism for it to 
achieve its desired goal. One of the many mechanisms that require either power 
transmission, speed reduction or both applications is gears. Gears are found in just about 
everything that includes rotating parts. For example, car engines, motors, winches, and 
transmissions are some of the many examples of mechanisms that contain lots of gears. 
Some of the many uses of gears are as follows: 
1. Insure the synchronization of rotating gears of two axes 
2. Increase or decrease the speed of rotation 
3. Reverse the direction of rotation in a given system 
4. Move rotational motion to a different axis 
Most gears that are seen around regardless of their application include teeth. Teeth add 
three main advantages to gears: 
1. Prevent slippage between gears when meshing, so axes (for example) connected 
by gears are always smoothly synchronized with one another 
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2. Teeth make it possible to determine gear ratios, simply by counting the number of 
teeth in the two gears and dividing both numbers by either one of the gear teeth to 
normalize them 
3. The slight imperfections in the actual diameter and circumference of two gears are 
easily detectable with teeth, where a loud running-noise becomes noticeable 
One of the many examples of gear trains is a bevel gear, where their uniqueness is 
demonstrated in their ability to change the axis of rotational motion. Also, they allow 
usage of gears with differing numbers of teeth, where it is possible to change both speed 
and rotation of gears as desired (Figure 3.1). 
Figure 3.1: Bevel gear setup 
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Bevel gears can have straight, spiral, or hypoid teeth depending on their application. 
Bevel gears with straight teeth can be relatively loud each time a gear tooth engages a 
tooth on the other gear to transmit motion. As the teeth engage, they tend to collide 
resulting in a loud noise, and most importantly, increase the stress on the gear teeth. 
To reduce the noise and stress in the gears, teeth are given a curved shape that 
makes them spiral (similar to helical gears), however, hypoid gears engage with axes in 
different planes due to the teeth arrangement. Bevel gears are useful when the direction 
of a shaft's rotation needs to be changed. Bevel gears are usually mounted on shafts that 
are 90 degrees apart, but can be designed to work at other angles as well. Gears in general 
need to be frequently lubricated due to the nature of the mechanism of its operation, 
regardless of the gear train arrangement. The necessity of lubrication is mainly to reduce 
friction between engaging teeth as they transmit motion or reduce speed. In some severe 
weather conditions, it becomes challenging or even impossible to lubricate a given gear 
train because the harsh weather conditions do not allow it. One way that could overcome 
this obstacle is replacing gears with traction drive conical-shaped rollers that would 
operate somewhat similar, but serve the same purpose as that of a bevel gear setup. The 
main advantage of having a traction drive system is if the surrounding environment does 
not permit lubrication, the drive system can still operate without facing problems. A good 
example where the usage of such drive system proved its efficiency and reliability is the 
drive system found in the Mars rover. The rover used a traction drive system to run 
because the harsh weather condition did not allow possible lubrication had the drive 
system been a classical gear train. 
This document takes a closer look at a similar drive system to the one used in the 
Mars rover, a conical traction drive system. This drive system will be discussed in details 
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and in every step of the process a comparison in stress distribution will be made between 
conical shaped rollers and cylindrical shaped ones. 
The reason behind this comparison is that it gives confidence in the results 
obtained from the conical shaped roller analysis. After the comparison is done, 
conclusions will follow, and future work on this particular type of drive system will be 
pointed out. 
Bevel gears in Differentials 
Bevel gears are integrated in many car differentials, such as, Toyota, Nissan, 
Audi, and some heavy machinery vehicles [2 -3] (Figure 3.2). Differentials are where 
the power, in most automobiles, makes its last stop before transmitting its output torque 
to the wheels. 
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Figure 3.2: Heavy machinery vehicle (Bulldozer) 
Differentials serve three main objectives that are follows : 
1. Direct the engine power towards the wheels 
2. Act as the final gear reduction in a vehicle by slowing the rotational speed of the 
transmission one final time before driving the wheels 
3. Transmit the output power to the wheels, allowing them to rotate at different 
speeds. 
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Differential 
Figure 3.3: Bottom-view of a heavy machinery vehicle (Rear-Wheel Drive) 
Car wheels rotate at different speeds, especially when the vehicle approaches a 
turn, where each wheel of the vehicle travels a different distance when turning. This 
difference in speed is due to the fact that the inside wheels travel a shorter distance than 
the outside wheels because the speed of the wheels is equal to the distance traveled 
divided by the time it takes to travel that distance. In other words, the wheels that travel a 
shorter distance travel at a lower speed. 
59 
On the other hand, the difference in wheel speed is not a problem for the non-driven 
wheels on a vehicle (Non-Driven Wheels: the front wheels on a rear-wheel drive car or 
the rear wheels on a front-wheel drive car). This is because there is no connection 
between the non-driven wheels and the driven wheels, making them rotate independently. 
However, the driven wheels are linked together so that a single engine and transmission 
can turn both wheels, and this is possible only in the presence of a differential. 
If a vehicle did not have a differential, the wheels would have to be locked together and 
forced to spin at the same speed, which would make turning difficult. 
The differential is a mechanical device that splits the engine torque (input) along 
two paths, allowing each wheel (output) to rotate at a different speed. In the absence of a 
differential, slip would occur in the output members (wheels) while turning due to the 
difference in wheel travel speed. So the presence of a differential eliminates possible slip 
between the wheels and pavement, which otherwise would cause an overwhelming load 
and strain on the axle that could cause it to fail. 
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Ring Gear Pinion Gear 
Side Gear 
Side Gear 
Support Brackets 
Figure 3.4: Open differential 
The simplest type of differential is called an open differential. Figure 3.4 shows some 
basic terminology, where all of the basic components that make an open differential 
mechanism are labeled. Looking at the figure above, one can notice that the input pinion 
is a smaller gear than the ring gear. This is because the differential is the last gear 
reduction in the vehicle. 
When a vehicle is driving straight, both drive wheels are rotating at the same 
speed, and likewise for the non-driven wheels. Technically speaking, the input pinion is 
turning the ring gear and cage together (The Cage: the combination of side gears, pinion 
61 
gears, and the support brackets that hold everything in place), and the pinions within the 
cage are firmly fixed and restrained from any rotation. 
When the vehicle makes a tum, the wheels must spin at different speeds. The 
pinions in the cage start to spin as the car begins to tum allowing the wheels to move at 
different speeds making the inside wheels spin slower than the cage, while the outside 
wheels spin faster. 
Integrating a traction drive system into a differential is one of the many 
applications where traction drives could be used to reduce friction, wear, and in some 
cases lubrication. Nevertheless, the gear arrangement of a traction drive is somewhat 
different from that of a normal drive system. Traction drives can mimic the traditional 
bevel gear arrangement in serving its desired purpose, transmit motion, and reduce speed. 
The following section will explain how the difference in gear arrangement is handled 
along with the mechanics of a conical traction drive system. 
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Conical Shaped Rollers 
Figure 3.5: Isometric view of a bevel gear arrangement 
The bevel gear arrangement shown in Figure 3.5 demonstrates its uniqueness in 
its ability to change the axis of rotational motion. Nevertheless, it allows the usage of 
gears with differing numbers of teeth, where it is possible to change both speed and 
rotation of gears. 
Output Shaft Drive Shaft 
Figure 3.6: Aerial view of a bevel gear arrangement 
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Figure 3.6 shows an aerial view of the bevel gear arrangement that illustrates the change 
of the direction of rotation, where the drive shaft transmits motion to the two gears it 
contacts to finally give the output shaft an output speed. In this particular example, the 
only thing that was changed in the gear arrangement is the direction of rotation, but 
notice that it could be also at as if the output members would be the two gears in direct 
contact with the drive shaft. In this case, the bevel gear arrangement would involve only 
three gears not four as shown in Figure 3.6, where the input shaft would transmit power 
to the two gears in contact without the need of the fourth gear. Two different things are 
changed in this gear arrangement: the axis of motion and the output speed. The output 
speed is changed because the numbers of teeth of the output members are different from 
that of the input member. 
Figure 3. 7: Front view of a conical traction drive arrangement 
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Figure 3. 7 illustrates a slight noticeable difference in the arrangement, where 
instead of having four rollers to mimic the gear arrangement shown in Figures 3.5 and 
3.6 there are eight rollers. Nevertheless, the main rollers in the arrangement are four, like 
that of the bevel gear, the other four rollers are wedged roller that are fitted between two 
larger rollers of perpendicular axis to transmit motion from one roller to the other through 
the wedged roller. The wedged arrangement is illustrated in Figure 3.8, where the 
wedged roller is slightly skewed to insure motion in only one direction. So if the direction 
of motion is reversed, the intermediate (wedged) roller will disengage. When the 
intermediate roller disengages due to the direction of rotation, the drive rollers will not 
transmit motion to the other perpendicular roller unless the rolling direction is reversed as 
explained in Chapter two of this document. 
Figure 3.8: Side view of a conical traction drive arrangement 
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Contact Stresses in Conical-Shaped Rollers 
As mentioned previously in Chapter two of this document, Hertzian stress 
analysis assumes a circular, elliptical, or line contact surface area found between curved 
surfaces in contact. The maximum of the elliptical pressure distribution over the contact 
patch is found at the center of the contact patch. However, this elliptical pressure 
distribution when two conical shaped rollers push against each other results in more of a 
trapezoid shaped contact patch (Figure 3.9) surface instead of a rectangular one (Figure 
3.10), which is found when two cylindrical bodies push against each other. 
Figure 3.9: Trapezoid shaped contact patch 
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Figure 3.10: Rectangular shaped contact patch 
This difference in the geometry between conical and cylindrical shaped rollers is 
reflected in the resulting contact patch shape. Conical shaped rollers have a varying 
cross-sectional diameter, whereas cylindrical shaped rollers are constant in their diameter, 
which makes a significant difference in the contact patch. The difference in contact patch 
resulting from one roller pushing against the other whether the rollers were cylindrical or 
conical is under the assumption that a uniform normal load is applied on one roller to 
push against the other one. Under a given uniformed applied load different cross-
sectional areas in a conical shaped roller behave different than the sections before and 
after it because of the difference in section diameter. This difference will be discussed in 
grater detail in this section of the chapter. Moreover, in this section of the document, two 
contact considerations will be covered (similar to that discussed in Chapter two), pure 
rolling and rolling with traction. These two rolling conditions will give the reader a better 
understanding of contact stresses, boundary conditions, and other factors that directly or 
indirectly affect contact stresses in conical shaped rollers. 
Pure Rolling: 
z 
~x 
y 
.,,. 
•·""· y
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Figure 3.11: Trapezoidal-prism pressure distribution 
Cone I 
Cone2 
As two conical rollers come into contact with each other and a uniform force is 
applied to one of them as illustrated in Figure 3.11, the resulting contact patch on either 
cone will take more of a trapezoidal shape (Figure 3.9). The reason behind the contact 
patch being a trapezoidal shape is that the radius of curvature of either cone varies and is 
not constant like the case of cylindrical contact. The contact patch in conical shaped 
contact becomes trapezoidal only if the applied normal force is uniform throughout the 
length of the cone. The pressure distribution at the contact interface will be a semi-
elliptical prism of half-width A, which varies along the entire cone length L , unlike that 
of a cylindrical contact case. The pressure distribution is identical for either cone if and 
only if the radius of curvature on both cones is the same, and the boundary conditions are 
an exact replica on either cone to each other. The contact pressure reaches its maximum, 
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P max, at the center of the contact patch and gradually decreases until it reaches zero at the 
edges, identical to that of a cylinder. 
In the case of pure rolling, the only applied external force that acts on either cone 
is the normal force, and no traction component is applied. The length L is not considered 
as the contact length because the section diameter is not constant with changing length. 
Whereas in the case of cylindrical contact, the contact length is equal to the cylindrical 
length. The contact length in conical shaped rollers will be interpreted as the distance 
from the apex, S, of the cone to account for different diameters with changing length. 
When examining a given section in a cone, the cut-plane should be perpendicular the 
external cone surface, not to the cone axis. This is because one of the main factors that 
play a great role in determining the stress state across the contact patch is the radius of 
curvature. To determine the radius of curvature of a cone, attempting to mimic the cut-
plane found in a cylindrical body, the cut-plane should be perpendicular to the external 
cone surface. 
Again in this study, as many variables are held constant as possible. Both cones 
are chosen to be geometrically identical in all dimensions to better monitor the behavior 
of the cones at the contact region having most, if not all, of the parameters controlled and 
well understood similar to what has been done in Chapter two. Moreover, both cones are 
made of the same material and boundary conditions are identical on either cone as well. 
The following section lays out the governing equations necessary to solve for the 
maximum pressure exerted on the conical surface, where the cone parameters are as 
follows: 
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R1 & R2: Radius of curvature for the 1st and 2nd cones respectively 
P max: Maximum pressure 
E1 & E2 : Young's modules for 1st and 2nd cones respectively 
B: Cylindrical geometry constant 
A: Contact patch half-width 
m1 & m2: Material constants 
v: Poisson's ratio 
F: Applied force 
S: Distance from apex 
L: Contact length 
- - 0 ',, 
' ' ' ' 
Figure 3.12: Side cross-sectional view in a conical shaped roller 
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The first step in solving for the maximum pressure, P max, exerted on two cones in 
contact is to define a cylindrical geometry constant, B, for every cross-sectional area that 
depends on both R1 and R2, where R1 is the radius of curvature of the 1st cone and R2 is 
likewise for the 2°d cone. Unlike cylindrical contact, the maximum pressure is different 
for every cross-sectional area even though the applied load is uniform along the cone. 
Figure 3.12 illustrates a side cross-sectional view that passes through the center of the 
conical shaped roller. In this section view, a point is chosen a known distance from the 
apex, i , and the point of intersection between the ;th value and the cone's axis is point D. 
The distance/is defined as the perpendicular distance between the cone' s surface and the 
other side of the cone passing through the cone' s axis of the lh point. The midpoint 
distance of dimension/ is defined as point C and the perpendicular distance between the 
cone' s axis and point C is point F. The triangle DFC is located on the cross-sectional 
plane, not on the cone' s surface. 
Since the cross-sectional area is different throughout the cone, the equations used 
in Chapter two to find the maximum pressure along the contact area cannot be applied 
without a few modifications. These modifications are the main part of this document 
where all of the results obtained are based on the following derivations. The modification 
made to accommodate for changing cross-sectional area is to obtain a radius of curvature 
as a function of the distance from the apex. In other words, as one moves away from the 
apex, the cross-sectional area would have a corresponding radius of curvature. This 
radius of curvature should increase as one moves away from the apex because the contact 
patch increases in size. The Cartesian coordinate system used in deriving the equations is 
shown in Figure 3.11. 
/ 
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The known values are the angle 0, the distance from the apex S, the applied 
normal force, and the contact length L, so by looking at Figure 3.12, the first step in 
finding the radius of curvature is to find the distance, d. The distance dis defined as the 
vertical distance between the surface of contact and the intersection between center 
horizontal axis of the cone and a chosen th value that is a given distance, S, from the apex 
(Figure 3.12): 
C' 
d 
-=tane s 
d =Stane 
Figure 3.13: Cross-sectional area in two cones in contact 
After finding d, the major elliptical dimension, a, is the next step in finding the radius of 
curvature (Figure 3.13). 
f = Stan(2e) 
72 
f=2a 
The minor dimension of the ellipse is the next step, and this is a three dimensional 
problem. Solving for the minor diameter will involve a couple of steps: 
- f 
DC=--d 
2 
OD=-S-
cosB 
Figure 3.14: Close-up on the triangle DFC 
Figure 3.14 is basically a close up of the triangle DFC in Figure 3.12 to clearly explain 
how to find the minor elliptical diameter. 
DF =sin() 
DC 
On Cone 
surface 
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DF =DC sin(} 
FC =DC cos(} 
OF=OD+DF 
Figure 3.15: Isometric view explaining the 3D problem 
Looking back at Figure 3.13, one can see that the minor elliptical dimension is 
perpendicular to the side cross-sectional view shown in Figure 3.12. The minor elliptical 
dimension, b, is equivalent to the distance CC' illustrated in Figure 3.15. 
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Figure 3.16: Aerial view of the triangle necessary to calculate b 
Before finding the minor elliptical dimension, b, the distance R (Figure 3.16) should be 
calculated as follows: 
R = OFtanfJ 
Finally, to calculate the minor elliptical dimension: 
CC'=~R 2 -(FCJ 
CC'=b 
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The following equation is used to find the radius of curvature of the ellipse at the contact 
point: 
b2 
r=- [14] 
a 
It is also given that R1 = R2, so in order to calculate B, the cylindrical geometry constant, 
the following expression should be applied: 
It is important to notice that B is different for every lh value calculated a distance from 
the apex. To calculate the cones' material constant, m1 & m2, for both cones 1 and 2, 
given that E1 = E2, and v (dimensionless), the following equation is applied: 
1-v 2 
m =m =--1-
1 2 E 
l 
Now, to calculate the contact patch half-width, A , given the applied force F and the 
contact length L: 
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Finally, to calculate the maximum pressure, Pmax, the following equation is applied: 
p = 2F 
max JLAL 
It is important to mention that both A and P max values are different for different ;th 
value calculated a distance from the apex. As mentioned previously, the maximum 
pressure exerted on either cone is at the center of the contact patch varying slowly till it 
vanishes (zero) completely at the edges of the semi-ellipsoid prism. This maximum 
pressure is calculated assuming pure rolling and no torque is applied to either cylinder' s 
surface. 
Rolling with Traction: 
When tangential force is associated with rolling, a noticeable distortion occurs in 
the stress field when compared with pure rolling. The same equations developed by 
Smith and Lui [9] to account for sliding mentioned in Chapter two of this document can 
be applied here. Smith and Luis research was intended to better understand the behavior 
of two cylinders in contact with both rolling and sliding components present. 
Nevertheless, the equations developed by Smith and Lui can be applied to conical shaped 
rollers because cones can be considered as a large number of ellipses of different 
dimensions stacked upon each other forming a cone. Similar to the case with cylinders, 
since the presence of a sliding component is considered, there are two different sets of 
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equations that represent the stress distribution in two directions perpendicular to one 
another. The first is due to the normal load applied on the rolling components (normal to 
contact patch), and the second is due to the tangential friction force (tangent to contact 
patch). After both sets of equations, normal and tangential, are computed, summing them 
together will represent the complete stress state and distribution in the contact region. 
The resulting stress field is a three-dimensional (3D) stress state representation, 
where the rollers are long in the axial direction. In other words, plane strain conditions 
will exist. The governing equations for stresses due to the applied normal uniform 
loading and the tangential friction force for two conical shaped rollers are identical to 
those of cylindrical rolling bodies mentioned in Chapter two. 
These equations developed by Smith and Lui were used to generate the following 
dimensionless plots. Similar to the normalization done in the case of cylindrical contact, 
all of the stress values are divided by the maximum pressure, P max, and the distance from 
the center of the contact patch, x, is divided by the corresponding contact patch half-
width, A. In plotting the stress distribution across the contact patch, three points away 
from the apex were selected, the tip of the cone (smallest diameter), the center of the 
cone, and the other end of the cone (largest diameter). The plotting sequence will follow 
that of the cylindrical one laid out in Chapter two of this document along with a quick 
comparison between the stress distribution between a cone and a cylinder. To validate the 
accuracy of the results obtained from the stress distribution of conical shaped rollers, the 
stress plots of all three locations should overlap each other because they are normalized. 
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Normalized Normal Stress in the X Direction 
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Distance from Center of Contact Patch x/A 
Figure 3.17: a x,, vs. Distance from center of contact patch 
Figure 3.17 represents the normal stress behavior on the surface of two identically rolling 
cones, where the stress is calculated on both sides of the x-axis (positive and negative). It 
is important to mention that a mirror image of the stress distribution about the y-axis can 
be observed. Also, Figure 3.17 illustrates how the stress value tends to gradually drop as 
the stress is measures away from the center of the contact patch while moving in either 
one the x-directions. The normal stress is at its maximum at the center of the contact 
patch and gradually decreases until the value of x away from the center of the contact 
patch becomes larger than the contact patch half-width, A. The stress distribution across 
the contact patch of two conical shaped rollers is identical to that found in cylindrical 
rollers, Figure 2.10. Since the stress is calculated on the cone' s surface at three known 
different distances away from the apex, the stress value will be different from the stress 
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state found in a cylindrical body. To overcome this obstacle, the stress calculated in all 
three locations is normalized, which leads to an overlap between the stresses calculated at 
the different locations. The reason behind this overlap is that when the stresses are 
normalized, variations in distance and radius of curvature are eliminated. These two 
parameters are significant in producing different stress plots and when normalizing, no 
effect is noticed. This leads to an overlap between the plots making them comparable to 
that of a cylindrical roller. This is solid proof that the stress behavior in conical shaped 
rollers follows the same pattern of a cylindrical shaped roller, and normalization is done 
to allow comparability in the results regardless of the dimensions used to compute them. 
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Normalized Tangential Stress in the X Direction 
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Figure 3.18: a x vs. Distance from center of contact patch 
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Figure 3.18 shows that as the distance away from the center of the contact patch 
increases, the tangential stress increases when looking at the negative x-axis and 
decreases when looking at the positive x-axis. Identical to the case of rolling cylinders, 
once the distance away from the center of the contact patch (x) exceeds the value of the 
2.5 
contact patch half-width (A), the stress distribution makes an abrupt change then tends to 
gradually decrease until it reaches zero. Figure 3.18 also shows how exact the overlap 
between all three plots regardless of the location of the calculated point, which is the case 
for all of the plots generated in this chapter. 
81 
Normalized Total Stress in X 
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Figure 3.19: a x vs. Distance from center of contact patch 
Figure 3.19 shows the normalized total stress distribution in the x direction across the 
contact patch and just past it. The plot in Figure 3.19 represents a non-symmetric stress 
distribution across the contact patch. Another thing that can be noticed about the plot is 
that when the distance away from the center of the contact patch (x) exceeds the value of 
the contact patch half-width (A), the plot makes a significant change in direction because 
the calculated stress is outside the contact patch. This change in direction is different on 
one side of the contact patch compared to the other side, and this difference and non-
symmetry is the same for all three locations for which the stress was calculated. 
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Normalized Normal Stress in the Z Direction 
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Figure 3.20: a z vs. Distance from center of contact patch 
Since the tangential stress in the z-direction is zero, the total stress equals that of the 
normal stress calculated in the z-direction, which is equal to the normal stress in the x-
direction as suggested by the governing equations. In Figure 3.20 a symmetric stress 
distribution is observed, where the stress value becomes zero outside the contact patch, 
which is identical to the behavior of the total stress in the z-direction seen in Chapter two. 
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Normalized Shear Stress 
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Figure 3.21: r xz vs. Distance from center of contact patch 
The shear stress in the xz plane is zero and the tangential stress is the only direction 
where the shear stress has both zero and nonzero stress values, which is identical to the 
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case of cylindrical rolling elements discussed in Chapter two. Figure 3.21 shows that the 
total shear stress decreases gradually as the stress is calculated away from the center of 
the contact patch until the distance becomes larger than the contact patch half-width, A. 
Also, a symmetric stress distribution about the y-axis is observed in the figure. 
Similar to the case of cylindrical rollers, the rollers are axially long relevant to their 
diameter, so the stress state in they direction is non-zero and the stress distribution takes 
the following trend illustrated in the figure. 
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Normalized Stress in Y 
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Figure 3.22: aY vs. Distance from center of contact patch 
Figure 3.22 represents the stress distribution across the contact patch, and clearly, the 
plot takes a nonsymmetrical distribution throughout the calculated region. One of the 
factors that affect this type of behavior is Poisson's ratio value that is multiplied by the 
added product of both stresses in the x and z-directions. The higher the Poisson's ratio, 
the change in plot behavior becomes more dramatic outside the contact patch. This 
behavior in conical shaped rollers is identical to that found in cylindrical shaped rollers. 
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The principal stresses and Von Mises stresses will now be graphically presented. 
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Figure 3.23: a 1 vs. Distance from center of contact patch 
Figure 3.23 illustrates the stress distribution for the first calculated principal stress as the 
distance from the center of the contact patch increases. As seen in the figure above, the 
stress distribution is not symmetric across the contact patch, where the stress takes a 
different distribution along the positive x-axis when compared with the negative side. 
Again, this nonsymmetrical behavior is identical to that found in cylindrical rolling 
elements, which gives more confidence in the results obtained by applying the equations 
to conical shaped rollers. 
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Sigma 2 vs. Location 
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Figure 3.24: a 2 vs. Distance from center of contact patch 
Looking at Figure 3.24, the stress distribution for the second calculated principal stress 
shows a nonsymmetrical behavior across the contact patch. This principal stress seems to 
disappear as soon as the stress points are calculated outside the contact patch along the 
positive x-axis, which is not the case for the points along the negative x-axis. 
Nevertheless, this behavior is a carbon copy of that of the second computed principal 
stress in cylindrical rolling bodies. 
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Sigma 3 vs. Location 
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Figure 3.25: a 3 vs. Distance from center of contact patch 
Figure 3.25 illustrates the stress distribution of the third and final principal stress across 
the contact patch. Similar to the other two principal stresses, the third principal stress 
does not take a symmetric distribution across the contact patch, similar to that of a 
cylindrical roller. 
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Von Mises Stress vs. Location 
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Figure 3.26: a ' vs. Distance from center of contact patch 
Now the Von Mises stress is plotted to give a general feel of the overall stress distribution 
across the contact patch as seen in the figure above (Figure 3.26). One very important 
factor that plays a great role in determining the stress distribution for all three principal 
stresses along with the Von Mises stress is the coefficient of friction, µ. The friction 
coefficient that was used to calculate all of the principal stresses and the Von Mises stress 
in this document for both cylindrical and conical rollers is 0.05. 
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Maximum Shear Stress vs. Location 
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Figure 3.27: rmax vs. Distance from center of contact patch 
Figure 3.27 shows the distribution of the maximum shear stress across the contact patch. 
The shear stress distribution takes a nonsymmetrical distribution for points calculated 
inside the contact patch, whereas a fairly symmetric distribution could be observed 
outside the contact patch. Again, this behavior shows identical behavior to that seen in 
cylindrical bodies in contact. 
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Stress Distribution Along Contact Length When Z = 0 
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Figure 3.28: P max vs. Distance from apex 
Figure 3.28 illustrates the change of maximum pressure on the cone's surface as the 
distance from the apex increases. Note that the figure above is not normalized because 
normalization might present misleading information. It is understood from the figure 
above that the magnitude of maximum pressure is at the smallest cone section, whereas 
the smallest pressure is at the largest cone end. This further proves that the contact patch 
in a cone takes a trapezoidal-like shape, not a uniform rectangular one. 
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Shape of Contact Patch 
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Figure 3.29: Contact patch shape on contact surface (Z = 0) 
Figure 3.29 clearly shows the shape of the contact patch across the contact length of a 
cone under a uniform applied load. The contact patch half-width is smallest at the 
7 
smallest cone section and largest at the cone's largest end. In other words, as the distance 
from the apex increases, the contact patch half-width increases nearly linearly. 
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Principal Stresses Along Line of Contact When Z = O 
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Figure 3.30: Principal stresses at the surface of contact (Z = 0) 
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The figure above shows the stress distribution of all three principal stresses and Von 
Mises stress along the contact patch at the cone' s surface. 
The resulting stresses were calculated with changing distance from the apex at x equal 
zero to minimize the variables and monitor the changes in stress with changing distance 
from the apex. Also, the depth, z, was fixed and not changed, also to minimize changing 
variables. So the only changing variable is the distance from the apex, S. 
This figure will be used as a reference when looking at the stress distribution at a given 
depth beneath the contact surface. 
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After a side-by-side comparison in surface contact stresses between cylindrical and 
conical shaped rollers, observing the stress behavior inside the rolling elements as the 
depth increases is an important aspect that should be considered. This task could be 
looked at in two distinct ways, the first is looking at the stress distribution at a surface 
parallel to the contact surface a small distance in the z-direction (Figure 3.31). The 
second method is by looking at the stress variation with increasing depth into the material 
itself until a reasonable number of data points are collected. In this document, these two 
methods will be examined and plotted, but only in certain specified cases, where 
suggestions will be pointed out as future work in this research. 
The first case is looking at the stress distribution on a plane parallel to the surface 
of contact as illustrated in the figure below: 
Figure 3.31: The new plane beneath the surface 
The distance, z, is chosen to be 0.0001 units below the surface, which is close enough to 
the surface of contact to get a noticeable stress effect. To normalize the plot, the stress 
values are divided by the maximum pressure, P max, and the distances from the apex, S, 
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are all divided by the furthest point away from the apex (largest distance). In the plot, the 
stress is normalized along the y-axis and the distance from the apex is along the x-axis. 
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Figure 3.32: Principal stresses at a given depth beneath the surface 
Figure 3.32 illustrates the behavior of all the three principal stresses and the Von Mises 
stress at a point just beneath the surface of contact. Looking at the figure, all of the 
1.2 
stresses along the y-axis are very similar to those found on the surface of contact. Also, it 
can be noticed that any of the principal stresses are maximum at the smallest end of the 
cone (smallest diameter) and gradually decrease in magnitude until they reach smaller 
stress value at the other end of the cone (largest cone diameter). Looking back at Figure 
3.30, it can be noticed that the stresses beneath the surface are slightly lower than that 
found on the surface of the cone. 
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The reason the Von Mises is in the positive side of the figure is because Von Mises stress 
is always a positive value. So regardless of the behavior of the three principal stresses, 
the Von Mises will always be positive. 
Now looking at the second case, where the stress is observed with changing depth. The 
distance from the center of the contact patch, x, and the distance away from the apex, S, 
are both held constant to minimize changing variables. The values chosen for both x and 
Sare zero and 3.845 respectively. The only changing parameter in this case is the depth, 
z, to better monitor stress variation with increasing depth. 
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Figure 3.33: Principal stresses with increasing depth 
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Figure 3.33 illustrates all three principal stresses, maximum shear stress, and Von Mises 
stresses behavior with increasing depth. Looking at the figure, all three principal stresses 
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are at their maximum at the surface of contact, and gradually keep on decreasing in 
magnitude with increasing depth until they eventually disappear when a significant depth 
is reached. To normalize the plot, all stresses are divided by the maximum stress value 
and the depth was divided by the contact patch half-width, A, which was the same for all 
values. The reason that a single contact patch half-width value was used is because a 
single point with a corresponding A value was chosen at the surface and depth was 
increased until a significant distance was reached. 
There is a very important feature in both the Von Mises and the maximum shear stress 
shown in Figure 3.33. The maximum stress values are not at the surface. The reason is 
that as mentioned previously in Chapter two, when a shear force component is not 
included in the calculations, the maximum stress is located a certain depth beneath the 
surface. However, if a tangential force is included to balance the resulting shear stress, 
the maximum stress value will migrate from its location to the surface depending on the 
magnitude of the applied tangential load. 
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Chapter 4: Conclusion and Future Work 
In conclusion, this document has developed both the strategy and equations 
necessary to understand the stress distribution when two conical shaped rollers come into 
contact, both over their contact surface region and inside the material. Also, when two 
conical rollers push against one another, the resulting contact patch takes a trapezoidal-
like shape due to the geometry of the cone and the type of loading. The contact patch is 
smallest at the smallest cross-sectional area and largest at the largest cross-sectional area. 
Nevertheless, the stress magnitude is largest at the smallest cross-section and gradually 
decreases until it reaches the smallest stress value at the largest cross-section. The 
maximum stress on the cone' s surface is located at the center of the contact patch of a 
given section. As the measured points move away from the center of the contact patch, 
the stress distribution across the contact patch gradually drops. Once the measured points 
are outside the contact patch, where the distance from the center of the contact patch is 
greater that the contact patch half-width, the stress distribution takes an abrupt change. 
This change will drop until eventually the measured stress reaches zero when points are 
calculated a fair distance away from the contact region. This type of behavior causes the 
contact patch to take a trapezoidal-like shape, whereas in cylindrical contact, the contact 
patch takes a rectangular shape. Also, the maximum Von Mises and the shear stress are 
not at the surface of the cone, they are located at a depth just below the surface. The 
reason behind this is that when a shear force component is not included in the 
calculations, the maximum stress is located a certain depth beneath the surface. On the 
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other hand, ifthe shear force were included, the maximum stress will migrate to the 
surface of contact depending on the shear magnitude. This is the same situation seen in 
cylindrical contact, which proves that conical contact is comparable to that of cylindrical 
one. 
Today, traction drives are already used in various equipment and some automotive 
industries have integrated the use of traction drives in their transmission design. Conical 
shaped rollers are not yet in wide use because most designers do not properly understand 
the stress behavior involved. It makes sense that it would have been too hasty to put 
conical rollers into production with lack of understanding of the involved stress behavior. 
Tapered roller bearings use conical shaped rollers between its races to carry both high 
radial and thrust loads, however, a good understanding of stress behavior involved in 
conical shapes is not fully understood. That is why this document went into a fair amount 
of detail on the mechanics and stress behavior of two conical shaped rollers pushing 
against one another. 
Future work that may extend the results of this document includes four major 
areas. The first is a more in-depth look into the stress behavior at different planes parallel 
to the surface of contact, changing different parameters to understand their effect on 
contact stress. The second, knowing the necessary changes in the amount of applied load 
by applying different amount of loads at different sections of the conical roller. This 
variation in the amount of load applied could be made so a rectangular contact patch 
would result, like the one seen in cylindrical contact, instead of a trapezoid. The third, to 
further verify the shape of the contact patch are stresses between two conical shaped 
rollers, a Finite-Element Analysis (FEA) study could be conducted. FEA and numerical 
99 
calculations together form a solid verification of the stress distribution, contact patch 
shape, and a good way to double check calculations by comparing the results. Since 
fatigue is a challenging problem, not properly understood by researchers, fatigue-life 
prediction is the fourth area that could be investigated. 
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